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ABSTRACT

A 1000-ft hypervelocity range was used to obtain the free-flight
static and dynamic stability and drag data presented for a 10-deg semi-
angle cone. Measurements indicate that the damping-in-pitch deriva-
tives for the cone increase appreciably with increasing Mach number
between M = 8 and 16 at a Reynolds number (based on model length and
free-stream conditions) of about 0.4 x 106, Further, Cp,q for the cone
decreases significantly as the nose-radius to base-radius ratio of the
cone is increased up to 0.1 for amplitudes greater than about 5 deg.
Comparisons of the range stability data with wind tunnel data (involving
sting-supported models) obtained in different test facilities indicate that
appreciable differences in Cpyqy and {Cmg + Cmg) exist in some cases,
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SECTION |
INTRODUCT ION

Aerodynamic characteristics of slender cones have received a con-
siderable amount of attention from various investigators in recent years;
however, only a very limited amount of experimental stability data for
cones at high Mach numbers has been published, Concern has existed
regarding some of these stability measurements made in the past because
of apparent inconsistencies in the test results (see, for example, the
comments of Hobbs in Ref. 1). Concern has also existed regarding an
apparent stability problem detected in previous cone testing, specifically,
damping derivatives decreasing to near zero with increasing Mach num-
bers, as has been observed in wind tunnel tests of a 10-deg semiangle
cone at Mach numbers between 10 and 20,

In consideration of the factors noted in the above comments, it was
felt that some free-flight stability measurements for cones could be of
particular significance. Hence, a series of free-flight tests has been
made in which the aerodynamic characteristics of a 10-deg semiangle
cone have been investigated at Mach numbers from 6 to 15 for Reynolds
numbers, based on model lengths and free-stream conditions, from
0.2 x 106 to 11 x 106. The tests were conducted in the von Karmgn Gas
Dynamics Facility (VKF), Arnold Engineering Development Center
(AEDC) 1000-ft Hypervelocity Range G.

The purpose of this report is to present the results of this investiga-
tion, including both stability and drag data. Further, the range stability
derivatives are compared with analytically predicted values and with
wind tunnel data obtained in different facilities.

SECTION Il
APPARATUS

2,1 RANGE

The VKF Range G consists of a 10-ft-diam, 1000-ft-long tank con-
tained within an underground tunnel (see Fig, 1). It is a variable density
aerodynamic range and has an 840-ft instrumented length that includes
43 equally spaced, dual-plane shadowgraph stations. The shadowgraph
system permits determining the angular orientation and position of most
test configurations to within approximately 10,25 deg and +0. 002 ft,
respectively, at each station. A chronograph system measures intervals
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of flight time to within +2 x 10~7 sec. The range vacuum pumping system
provides range pressures from one atmosphere down to about 15 uHg,

The 15-uHg pressure level corresponds to an equivalent altitude of approxi-
mately 250,000 ft. The nominal operating temperature of the range is
76°F. The launcher normally used with the range is a two-stage, light-

gas gun having a 2, 5-in, -diam launch tube.

2.2 MODELS AND SABOTS

The configuration investigated was a 10-deg semiangle cone, and the
models used had a nominal base diameter of either 1 or 1,75 in. and a
designed nose-to-base-radius ratio (Ryy/RB) of either 0,035 or 0. 07.

The models were constructed basically of either aluminum or steel; how-
ever, models designed for testing at the higher heating conditions were
equipped with copper nose tips.

The sabots used in the test program were of a conventional four-
component design and were aerodynamically separated from the models
in the blast tank portion of the range. All models were launched in an
uncanted orientation relative to the sabot, and the initial angular dis-
turbances to the models were those arising from muzzle effects and
from the model-sabot separation process,

SECTION Il
DATA REDUCTION

3.1 GENERAL COMMENTS

The basic data reduction procedures associated with aeroballistic
range testing are discussed in various reports, for example Refs, 2
through 4. A discussion of the effects of small roll rates on the yawing
motion of statically stable bodies and the limitations associated with
certain simplified data analysis procedures can be found in Ref. 5. In
the present test program, the aerodynamic data were reduced from the
measured position-attitude-time histories of the free-flight models using
basic range techniques which involved the following computer programs.

3.2 DRAG PROGRAM

The drag coefficient, Cp, is obtained from the relation
Cp = - 2m/pSV) (dV/dx) (1)
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where dV/dx is the mean slope of the curve of model velocity as a function
of distance traveled, and V is the mean model velocity during the interval
of the flight trajectory being examined. The velocity data used are the
average velocities between consecutive stations as obtained from the
measured position-time history of the model. The term dV/dx is obtained
by fitting a linear equation to the velocity-distance data by means of a
least squares procedure. Equation (1) is based on the assumption that

Cp is constant during the flight interval of concern and has been found to
provide quite adequate results when the total velocity drop during the
flight interval is less than about five percent of the initial velocity. Since
the angle of attack of a model, in general, will vary along the trajectory,
the drag coefficient obtained by this procedure corresponds to the mean
total angle of attack experienced by the model. This mean angle of

attack is defined by the relation

L2
¥ - WL, - L & d (2)
L,

where Lg - Ly is the length of the flight interval over which Cp is
computed.

The mean drag coefficient obtained from Eq. (1) can be adjusted to
zero yaw angle with use of the relationship

Cp = Cpo + ko & @)

In the present tests, values used for ko were obtained from the plot
of kg as a function of Mach number shown in Fig, 2. The kg variation
of Fig. 2 was obtained by fairing a curve through kg values determined
at four different nominal Mach numbers. The kg value at each nominal
Mach number was evaluated from plots of different shots near that Mach
number but having different values of 62, No appreciable effect of
Reynolds number on kg was detected in the present data.

3.3 YAW PROGRAM

The static-stability derivative and the total damping parameter were
evaluated in an analysis of the angular motion of the model with the follow-
ing equation:

€ = K, expllp, + i¢gx] + K, exp (e, + ig3x] + K,exp (ipx) (4)

Equation (4), defining tricyclic motion, is the solution of the linear dif-
ferential equation (Ref. 4) for general rolling, yawing model motion.
The equation corresponds to a right-hand, nonrolling body axis system,
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and its use is restricted to models having only slight configurational asym-
metries, near linear variations of force and moment with yaw angle, and
small changes in p. Equation (4) is fitted to the measured components of
the complex yaw angle as functions of distance traveled, using a differ-
ential corrections procedure. There are ten equation constants to be
determined in fitting Eq. (4). The K's, in general, are complex num-
bers; however, p can be expressed as a function of qSl' and ¢2'. The
desired stability parameters can be expressed in terms of the determined
equation constants by the following relationships:

Cma = (2Iy/dpS) ¢ &% (5)

D = CLg - Cp + (1/2) (d/oy) (Cnq + Cmi) = G, ~ pa) (2m/pS) (6)

In fitting an equation using the differential corrections procedure,
which is an iterative process, it is necessary to determine first a set of
approximate or initial values for the equation constants to be evaluated.
The errors in the initial values must be sufficiently small to permit the
iterative process to converge. For aerodynamically stable models, the
initial values for the constants can be determined analytically using a
procedure based on the Prony Method discussed in Ref. 6. Input data
for computing the initial values are the measured B8 and o, and distance
values corresponding to six or more shadowgraph stations of near equal
spacing. In general, the angular motion of the models of the present
tests was of a precessing elliptical nature (complex yaw angle plane),
and the analytically determined initial values were quite adequate,

3.4 SWERVE PROGRAM

The lift-curve slope is obtained from an analysis of the transverse
motion of the model (Ref. 4). The differential equation defining the
transverse motion, referenced to a right-hand, range-fixed coordinate
system with the x-axis along the range axis, can be written as

y” + iz” = ~(pS/2m) {CLq + ipd CNpg) & - (Cye + iCyo) exp (ipx)] (7)

This equation may be integrated to yield

y + iz = (yo + izo) + (yo+ iz’o)x = (CLg + ipd CNpa) (G + iH) + (8)

(Cyo + iCzo) (I + iD)
where

Xy X3

G + iH = (pS/'2m)Jl I £ dx, dx,

[+] 0
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[ +i] = (pS/2mp*) [(1 = cos px) + i(px — sin px)]

and zero subscripts indicate initial values. Equation (8) is fitted to the
measured (y + iz) values by a least-squares curve-fitting procedure to
obtain Cy_,. For the small roll rates involved in the present tests, the
CNpe term was negligibly small.

The normal-force derivative is obtained from the relation

Cyg = CLa + Cp (9)
and the center of pressure is computed as
Xep/t = (Xeg/B) — (Crma/Cng) (4/0) (10)

With both Cy1 , and Cp evaluated, the damping-in-pitch derivatives,
Cmq * Cma. Were obtained from the total damping parameter, D (see
Eq. (6)). It should be noted that stability derivatives reduced using the
linear analysis discussed above are "effective'" derivatives, if the model
involved has force and moment variations that are slightly nonlinear.

3.5 PREC|SION OF MEASUREMENTS

The estimated maximum probable errors in the data presented in
this report are listed below:

CDo Cma (Cmq + Cpa) Cya cp
Probable

Error, %

t4 13 10 5 0.3

SECTION IV
BALLISTIC RANGE TESTS

4,1 DYNAMIC STABILITY DERIVATIVES

Measured Cyq + Cp,g, values as a function of Reynolds number, for
Mach numbers near 6.5, are shown in Fig, 3. The level and trend of
the damping values for a laminar boundary layer (Rey < 4.5 x 106) are
well defined. For the higher Reynolds number shots (Rey > 4.5 x 106)
the location of transition is in the region of the model base. The in-
creased spread in the measurements at the highest Reynolds numbers
is believed to be related to fluctuations in the location of transition and
is indicative of the increased difficulty in obtaining consistent damping
measurements for this test condition. The damping levels predicted by
the shock expansion method (Ref. 7) and the unsteady flow field method
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(Ref. 8) are also shown in Fig. 3, and both are lower than that indicated
by the range data.

Damping derivatives as a function of Mach number, for Rey =
0.4 x 106, are presented in Fig. 4. Except for the two low data points
(square symbols) at M = 15, the measurements are quite consistent
and indicate a marked increase in damping with increasing Mach num-
ber. The circular symbols represent shots for which the models
experienced nonplanar motion patterns, but these patterns were com-
parable to model motion in one-degree-of-freedom wind tunnel tests;
that is, the model on these shots experienced a near zero transverse
velocity component (component normal to the angle-of-attack plane) at
its maximum amplitude. The other three shots (square symbols) had
combinations of a rolling velocity and a wider elliptic motion pattern
such that the model would tend to have a larger transverse velocity
component at its maximum amplitude, The differences in the measured
damping levels indicated at M = 15 are believed to be real, and although
the problem is not understood, the measurements suggest that the damp-
ing derivatives at higher Mach numbers may have some dependence on
the type of motion pattern experienced by the model. Within the band of
amplitudes of the present measurements (6 = 2. 5 to 12 deg), no amplitude
effect on damping was detected.

The two theoretical curves (Refs. 7 and 8) shown in Fig, 4 indicate
a small increase in the damping derivatives with increasing Mach num-
ber, but this increase is not as large as that indicated by the experi-
mental measurements. In view of the larger increase in the experimental
damping values with Mach number than was expected, particular care was
exercised in examining different factors that could have possibly affected
the data; however, nothing has been found to invalidate the experimental
measurements.

One potential error source that was considered in some detail was
the effect of the geometry of the model nose changing during the flight
owing to aerodynamic heating. At the higher Mach numbers, the
shadowgrams of the model indicated that a slight change in nose blunt-
ness occurred during flight, and in the worst case the Ry/Rp ratio
increased to about 0,07 at the downrange end of the range. It has been
noted in previous range testing that. a copper nose tip at high heating
conditions appears to melt, and a portion of the tip material is redis-
tributed along the nose of the model immediately aft of the tip. In fact,
it is questionable whether any mass is actually lost from copper nose
models, Hence, any nose effect existing in the present measurements
ig believed to be related to the small change in nose geometry rather
than to actual material ablation,
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In an attempt to assess the effect of the small changes in nose
geometry on the damping measurements, a series of shots was analyzed
independently over the first half and over the second half of their flights.
It follows that if nose geometry effects were large, they would be
reflected in damping values reduced in this manner. The results of
this analysis indicated no consistent difference in the reduced damping
values obtained for the first and second portions of the individual flights,
That is, the damping values obtained during the first portion of these
flights were neither consistently higher nor lower than those for the
second portion. Furthermore, the differences in the damping values
computed for the first and second portions of the individual shots were
always small relative to the experimentally observed increase in damp-
ing at the higher Mach numbers., It is also significant that, for shots
at Mach numbers up through M = 11, no nose shape change was detect-
able; however, the data point at M= 11 is consistent with the trend
established by the higher Mach number shots in indicating increased
damping with Mach number.

Further indication of the negligible effect of nose geometry changes
on the dynamic stability derivatives was obtained from the damping
measurements for three shots using models with a larger initial blunt-
ness ratio ((Ryy/RB) = 0.07), presented in Fig, 5. Nose shape changes
for these models would necessarily be smaller than those for models
with the sharper tip; however, these shots also show a similar trend of
increasing damping with increasing Mach number. Also shown in Fig. 5
is a curve representing the data given in Fig, 4 for (RN/RB) = 0. 032,

It is of interest that the measurements do not indicate any significant
effect of bluntness on damping, within the small bluntness change of the
present tests,

4.2 STATIC STABILITY DERIVATIVES

In examining the C,,, data of the test program, it became apparent
that Cyyp Was more sensitive to amplitude for some test conditions than
had been anticipated. Hence, the amount of available data was not suf-
ficient to define well the effects of amplitude on Cy,o in some cases.
However, certain variations of Cye with amplitude are indicated in the
limited number of range measurements, and these are discussed in
detail, In this report, adjustments of Cy,, data (either range or wind
tunnel data) to another moment reference position were made using a
CNg value of 1,91,

Measured variations of Cp,, with amplitude for (Ryy/RB) = 0,032,
are shown in Fig. 6 for Mach numbers near 6, 11, and 15.5. A sec-
tional curve fitting procedure wherein the equation of motion is fitted
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to the motion data of different portions of a flight was used in some cases
in reducing the Cy o data. The sectional fitting procedure is an aid in
identifying amplitude effects in C,,, data for some test conditions.

Within the band of M, RN/RB, and Reg for the shots involved, the
measurements at M =6 (Fig, 6a) indicate a near constant Cmq for mean
amplitudes up to about 7 deg; whereas, at M = 11 (Fiig. 6b) a slight
increase in Cy o with amplitude is indicated. It is believed that the
variation in Cy,¢ with amplitude, shown in Fig, 6b (note the C;,, varia-
tions for individual shots) is related to amplitude differences rather than
to the differences in Reynolds number listed in Fig. 6b for the shots
involved. The Cpo values presented in Fig, 6c for M = 15,5 were
measured over the first one-third portion of the range langth because
of the higher nose heating conditions associated with these shots, and
any effects of possible nose geometry changes on the presented Cpmg
values are believed to be negligibly small, In general, the variation
of Cye was small for mean amplitudes up to about 16 deg; however, the
data in Fig. 6c suggest an apparent slight shift in magnitude in the
amplitude region near § = 10. 5 deg (near the cone semiangle). Also
shown in Fig, 6 are the Newtonian predicted levels of Cpq which are in
reasonable agreement with the present measurements. It should be noted
that the Newtonian theory as used in this paper is the unmodified New-
tonian theory (Cp = 2 sin251),

The faired Cy, curves of Fig, 6 are replotted in Fig, 7 and indi-
cate that Cme increases slightly with Mach number for mean amplitudes
between about 3 and 7 deg.

Measured variations of Cpyq as a function of § are shown in Fig. 8
for cones having larger oluntness ratios. The data for (RNy/RB) = 0.1,
shown in Fig. 8c, were obtained in a previous Range G -est program
(Ref. 9). For comparison purposes, the faired Cmq curves of Fig. 8
are replotted in Fig, 9, Also shown in Fig. 9 is the faired Cp,o curve
of Fig, 6c for (Ry/Rp) =~ 0.032 and M = 15,5, The measurements
indicate an appreciable decrease in Cy,, for an increase in Ryy/Rp
from 0.032 to 0,07 at M = 15, It is of significance that, at this Mach
number, the limited amount of data indicates that the difference
obtained in Cp,, for the two values of (Ry/Rp) diminishes at the lower
amplitudes and suggests the possibility that Cy,, may be higher for
the blunter cone at values of & near zero. At M = 11, a Cpq level is
observed similar to that at M.= 15, indicating that any Mach number
effect on Cyyq in this amplitude and Mach number range is small, The
marked increase in Cpq ((Ryy/RpB) = 0. 07) noted for the lower ampli-
tudes in the M = 15 data is not evident in the M =11 data at comparable
amplitudes. The M = 9 data for (Ry/RB) = 0.1 (from Ref. 9) show a
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further decrease in C,,, below the level of the data for M = 11 and

M =15, This lower level in C, o is believed to be associated primarily
with the further increase in bluntness rather than with the Mach number
difference because of the small Mach number effect noted previously in
the data at M = 15 and M = 11, A marked increase in Cpyp similar to
that obtained at M = 15 is observed in the M = 9 data for amplitudes less
than 4 deg. It appears from the experimental data of this figure that the
amplitude associated with the increase in Cyyq, observed at smaller
amplitudes, is Mach number dependent. Unfortunately, the absence of
sufficient, low amplitude data at M = 11 precludes further confirmation
of this observation. Within the assumption that any Mach number effect
on C,,, is small, the present measurements indicate, for amplitudes in
the range between 6 and 10 deg, that Cy,4 decreases with increasing
bluntness for RN/RB values up to at least 0, 1,

Values of Cpyq Obtained, for & = 7 deg, from the curves of Fig., 9
and the level of Cy o obtained in a free-flight wind tunnel test at AEDC
are shown in Fig. 10 as a function of bluntness ratio. Also shown in
Fig. 10 are the variations of Cy with bluntness ratio that are pre-
dicted by the Newtonian and the unsteady flow field theories which are
for amplitudes near zero. The general trends of the theoretical curves
are consistent with the decrease in Cy,q indicated in the free-flight
measurements for the small range of nose bluntness ratio, at é = 7 deg.
However, as noted previously, the present measurements for bluntness
ratios of 0.07 and greater (see Fig. 9) suggest that, at amplitudes near
zero, a nose bluntness may result in a greater Cpyqo than for a pointed
cone, Further experimental evidence of this effect can be obtained from
data presented in Ref. 10, The tests of Ref. 10 were at M = 14 and at
amplitudes less than 2.8 deg, and the measured Cy,y for a 10-deg semi-
angle cone (RN/RB) = 0, 1) was appreciably larger than the Cpq, for a
pointed cone; it should be noted that this comment is valid for Cmq meas-
urements of Ref. 10 referenced to a common pivot axis position expressed
as a percentage of actual model length from the nose,

In Fig, 11, Cp,q values (adjusted to cg = 65) are shown as a function
of Reynolds number, These measurements are for Mach numbers near
6. An examination of schlieren photographs indicated that the lowest
data point of the group of data points near Reg = 4.8 x 108 corresponded
to a shot that had a laminar boundary layer over the complete length of
the model, This shot also had the lowest amplitude, & = 0.7 deg.
Schlieren photographs for other shots of this group (higher amplitudes)
indicate that the location of transition was near the base of the model.
Hence, the faired curve in Fig. 11 is believed to be representative of the
variation of Cpo With Reynolds number for a cone having a laminar
boundary layer. The limited measurements available at the higher
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Reynolds numbers indicate that Cy,, increases slightly as transition
moves onto the cone,

4.3 LIFT- AND NORMAL-FORCE DERIVATIVES

The variations of Cy , and Cy, with amplitude, for M = 6 and over
a Reynolds number range from 0.2 x 106 to 5 x 106, are shown in
Fig. 12, The Cj,, measurements decrease slightly with increasing &
such that the corresponding Cy, values (for (RNy/RB) = 0.032) are
nearly constant for é up to 6 deg. These data indicate that at M = 6
the effect of Reynolds number on Cy , and Cy, within the above Rey
range is not significant. The Cyy, level predicted by the Newtonian
theory is also shown in Fig. 12b and is in good agreement with the
present measurements.,

Variations of Cy,, and Cy, with amplitude, for Rey ~ 0.4 x 106,
and for Mach numbers from 6 to 16, are shown in Fig, 13. The meas-
urements shown in Figs. 13a and b indicate that, again, Cy , decreases
with increasing amplitude such that the corresponding Cyq values (for
(RN/RB) = 0.032) are nearly constant for § up to at least 18 deg, Fur-
ther, the measurements indicate that both C1,, and Cngy tend to be insensi-
tive to Mach number. The faired Cp, curve of Fig. 13b is replotted in
Fig. 13c. Also shown in Fig, 13c are measurements for (Ry/RB) =~ 0.07
and for Reg =~ 5 x 106, The limited number of measurements does not
indicate any significant effects of either Reynolds number or of small
nose bluntness on CNo. The CNg levels predicted by the Newtonian
theory, for (RN/RB) = 0.032 and 0. 07, are also shown in Fig, 13 and
are in good agreement with the present measurements.

4.4 CENTER OF PRESSURE

The variations of cp with Reynolds number, amplitude, and Mach
number are shown in Fig, 14, The measurements in Fig. 14a, for

= |6 and for & up to about 6 deg, indicate that cp (for (Ryy/Rp) '~ 0.032)
tends to be insensitive to Reynolds number if the model has a laminar
boundary layer. As stated previously, for Reg ~4.8 x 106, the location
of transition for M =|6 is near the base of the model. The lowest data
point (more forward cp) in the group of data points at Reynolds numbers
near 4.8 x 106, corresponds to the shot noted in the discussion of the
Cme data of Fig, 11 and has the lowest amplitude, 6 = 0.7 deg. Hence,
this group of data points would suggest that the cp moves slightly rear-
ward as transition moves onto the cone.

10
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The cp measurements for M, ~ 15 ((Riy/Rp) = 0.032, Reg = 0.4 x 106)
are plotted as a function of amplitude in Fig., 14b. These data do not
indicate any significant effect of amplitude on the cp.

Measurements in Fig, 14c, for Reg = 0.4 x 106 and for mean ampli-
tudes from 5 to 12 deg, indicate that cp (for (Ry/Rp).~ 0.032) moves
slightly rearward with increasing Mach number. The cp measurements
for (RN/RpB) ~ 0.07, also shown in Fig. l4c, are in general agreement
with the cp values for the sharper cone; the lower data point (triangular
symbol) at M ~ 11 is believed to be lower because of the higher amplitude
(6 ~ 11,5 deg) of this shot in combination with the larger bluntness ratio.

The levels of cp predicted by the Newtonian theory are also shown
in Fig. 14 and are in reasonable agreement with the present measure-
ments,

4.5 DRAG COEFFICIENT

Drag coefficient, Cpo, is presented as a function of Mach number
in Fig, 15 for Rey ~ 0.4 x 106, Measurements indicate that Cpo, for
(Ryy/Rp) = 0.032, decreases with increasing'Mach number, Additional
drag measurements shown in Fig., 15 for bluniness ratios from 0.02 to
0.07 indicate that Cpg tends to be insensitive to small changes in nose
bluntness.

Some Cpo measurements, for M|~ 6, are shown as a function of
Reynolds number in Fig, 16. The lowest data point in the group of data
points near Reg = 4.8 x 106 corresponds to the same shot noted in the
discussion of the Cy,, data of Fig. 11. It was noted then that this shot
had the minimum amplitude, é = 0,7 deg, and that the schlieren photo-
graph for this shot indicated that the model had a laminar boundary layer
over its entire length, Hence, the faired curve in Fig. 16 is believed
representative of the Cpg variation for the case of the cone having a
laminar boundary layer.

The variation of Cpg as transition moves onto the cone is not defined
adequately in the present tests, partially because of the sensitiveness of
the location of transition with small amplitude changes; however, the
measurements at the higher Reynolds numbers indicate an appreciable
increase in Cpg as transition moves onto the cone.

Measurements of Cpo for (RN/RB)|= 0.1, as a function of Reynolds
number, are shown in Fig. 17, Additional data points for (RN/RB) =
0.032 and 0, 08 indicate that effects of small changes in nose bluntness on
CDo are not significant for these test conditions.

- 11
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SECTION Vv
COMPARISON OF RANGE DATA WITH WIND TUNNEL DATA

Comparisons of the present range measurements with wind tunnel
data are shown in Figs. 18 through 23. The faired C,, curve (M = 6)
of Fig. 11, corresponding to a condition of a laminar boundary layer, is
replotted in Fig. 18. Also shown in Fig. 18 are Cp,, measurements
for a sting-supported 10-deg semiangle cone obtained at the Jet Propul -
sion Laboratory (JPL) (Ref. 11) for similar test conditions. The JPL
measurements have been adjusted to a moment reference at 65 percent
of the cone length from the nose. The significance of this data com-
parison is related to the different trends exhibited in the two sets of
data. The JPL measurements increase appreciably with decreasing
Reynolds number, whereas the range measurements are nearly constant,
The difference in absolute magnitude of C,,, between the two sets of
measurements is of no concern because of the different nose bluntness
ratios (indicated in Fig. 18) that are involved.

In Fig. 19, a comparison is made between the range damping data
(faired curve replotted from Fig. 3) for M =6 and damping measure-
ments obtained in the JPL tests (Ref. 11), The range measurements
indicate somewhat more damping than measured in the JPL tests. In
consideration of previous comments regarding nose bluntness effects on
damping, the effect of the small difference in R)y/RB existing in the
data shown in Fig. 19 would be expected to be negligibly small.

The motion plot shown in Fig. 20 corresponds to the shot at a
Reynolds number of 3,2 x 106 (see Figs., 3 and 11); hence, this shot
was one of those used in defining the range variations of Cpyo and
Cmg * Cy shown in Figs. 18 and 19, The quality of this motion plot
(better than for some shots) is such that an examination of the plot aids
in assuring the reasonableness of the range measurements of Figs. 18
and 19, It can be observed in Fig. 20 that the fitted curve describes
the variation of the measured B8 values very well. The roll rate for this
shot was near zero; hence, the damping of the model can be evaluated
from the decay of either the § or @ motion component of the yawing
motion, and Cpyo can be evaluated from the wavelength of either the 8
or a motion component. In general, the wavelength of the yawing
motion of a model can be determined better than the amplitude decay.
However, it is apparent from Fig, 20 that the error in evaluating the
amplitude decay (proportional to the error in the measured damping)
from the computer fitted curve, would be expected to be less than five
percent,

12
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A comparison of the range damping level at M = 10 with wind tunnel
data obtained at AEDC at the same Mach number and over a range of cg
position is shown in Fig., 21. Two theoretical curves are also shown in
Fig. 21 to indicate the predicted trend of the damping derivatives with cg
position. The wind tunnel data include results from free-flight models
{(at AEDC) and both gas-bearing-mounted and flexure-mounted, sting-
supported models (AEDC), all tested in the same wind tunnel at similar
flow conditions. Also included are measurements (using a flexure pivot),
taken from Ref. 12, made at a single cg position and at three different
frequencies. '

Both range and tunnel free-flight dynamic stability measurements tend
to be larger than the measurements for the sting-mounted models. These
free-flight measurements in the range and wind tunnel tend to be consistent
with one another, although there is a difference in Reynolds numbers be-
tween the two sets of measurements (Rep = 0.4 x 106 and 106 for the range
and tunnel tests, respectively).

The Ref. 12 data, at a Rey comparable to the range data, indicate
a frequency effect on damping, as shown in Fig, 21, It should be noted
that apparent frequency effects on dynamic stability measurements have
been observed in other tunnel tests. The portion of the Ref. 12 measure-
ments which were obtained at frequencies comparable to the free-flight
data in Fig. 21 indicate considerably less damping than the free-flight
data. The portion of the Ref. 12 data band which appears to agree, in
general, with the magnitude of the free-flight data in the figure is for an
appreciably higher oscillation frequency than that corresponding to the
free-flight data. On this basis, the frequency effect indicated in the data
of Ref. 12 appears to be inconsistent with the range and tunnel free-
flight measurements.

In Fig. 22, a comparison is made of the range Cy,, data and wind
tunnel data (involving sting-supported models) for high Mach numbers
obtained from different facilities (Ref. 13 and AEDC (VKF) and Ling-
Temco-Vought, Dallas, Texas). The solid curve in Fig. 22 corre-
sponds to range Cpy o values obtained from the curves of Fig. 7 at
6 =5 deg. The é of 5 deg is a reasonable mean value of the amplitude
band involved in the different sets of data shown in Fig., 22, The range
Cmg curve (Fig, 22) is representative of a Reynolds number compar-
able to the different sets of wind tunnel data shown in Fig, 22; however,
the range measurement at M = 9,6 and Rey = 4,8 x 108 shown in Fig, 22
fails to indicate any significant effect of Reynolds number on Cyq.
From considerations of the nose bluntness differences noted in Fig. 22,
the tunnel measurements would be expected to be higher than the range
measurements; hence, the lower Cy,q level indicated in the tunnel meas-
urements at the higher Mach numbers is not understood. However, as

13
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indicated in Fig. 22, the reduced frequency parameter, wd/2V, was
higher in the tests corresponding to the lower Cy,, values. Further,
the cause of the difference in the Cyo measurements from the different
facilities at M =~ 14, 2 is not apparent,

In Fig. 23, a comparison is made of range damping data (faired
curve replotted from Fig. 4) and wind tunnel damping data for high Mach
numbers obtained from different facilities (Refs. 12 through 14); the
tunnel tests involved sting-supported models. Again, the range free-
flight damping measurements are, in general, higher than the tunnel
measurements. It should be noted that Rey was similar for all data
shown and that the pivot axis location in the tunnel tests was always
more forward than the cg position of the models involved in the range
tests. There is considerable spread in the frequencies associated with
tunnel tests, but there is no consistent frequency effect observed which
could account for the large difference existing between the range and
tunnel damping measurements.

SECTION VI
CONCLUDING REMARKS

A free-flight range investigation of the stability and drag of a 10-deg
semiangle cone was made at Mach numbers from 6 to 16, The measure-
ments indicate that the damping of the cone increases appreciably with
increasing Mach number between M = 8 and 16 at a Reg of about 0.4 x 106,
Also, Cyyq for the cone decreases significantly as the Ry/Rp ratio is
increased up to 0, 1 for amplitudes greater than about 5 deg.

Comparisons of the range stability data with wind tunnel data involv-
ing sting-supported models in different test facilities indicate that
appreciable differences exist in the measurements. The cause of the
differences in the range and tunnel stability data noted in this paper is
not completely understood. It appears that tunnel support effects are
one possible explanation for these differences.
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Fig. 21 Comparison of Range and Tunnel Damping Data at M -. 10
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Fig. 22 Comparison of Range and Tunnel Cma . Data at High Mach Numbers (Moment Reference at 60 percent [)
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Fig. 23 Comparison of Range and Tunnel Damping Data at High Mach Numbers
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